ABSTRACT. The microstructure of aqueous dispersions of pulmonary surfactant lipids extracted from bovine lung lavage was investigated by electron microscopic analysis. Following organic solvent extraction (chloroform/methanol) from natural lung surfactant, the mixed lipids (CLL), with 1% residual protein, were dispersed in water by two techniques, probe sonication at 4" C and mechanical vortexing. Surface pressure-time adsorption isotherms were defined for the CLL dispersions, followed by staining with tannic acid, uranyl acetate, and lead citrate for electron microscopy of microstructure. CLL extract dispersions adsorbed in seconds to surface pressures near 45 dynes/cm (surface tension 25 dynes/cm) at low concentrations 5 0.25 mglml after dispersion by sonication of 4" C and by mechanical vortexing. Ultrastructurally, the CLL dispersions were somewhat heterogeneous, but large thin-walled phospholipid vesicles, both intact and fragmented, predominated. No tubular myelin was formed. By contrast, natural lung surfactant (LS) from bronchoalveolar lavage had characteristic regions of tubular myelin when it adsorbed well at low concentrations (5 0.25 mg phospholipid/ml). When divalent cations were removed from solution with 5 mM EDTA, this distinctive microstructure was not present and natural LS adsorbed less rapidly; higher concentrations of 0.63 mg phospholipid/ml were necessary for maximal adsorption of natural LS without tubular myelin. These results suggest that while tubular myelin is associated with optimal adsorption for natural LS, it is not a required configuration for rapid adsorption facility at low phospholipid concentrations in general. Specifically, for dispersions of surfactant extracts, other microstructures allow adsorption facility equivalent to that of natural LS with tubular myelin. (Pediatr Res 20:97-101,1986) 
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The behavior of phospholipid dispersions in an aqueous bulk phase is directly relevant to the RDS of premature neonates which is due to a deficiency of pulmonary surfactant (1, 2) . In the mature lung, pulmonary surfactant undergoes a series of structural changes as it is released from the lamellar bodies of type I1 pneumocytes, enters the aqueous alveolar hypophase, and adsorbs to the air-water interface. A number of studies with a variety of models, including alveolar type I1 cells in culture, have demonstrated the distinctive LS microstructure known as tubular myelin when secreted LS is present in an aqueous bulk phase (e.g. References 3-6). This LS microstructure appears to be associated closely with adsorption facility, and surfactant associated apoproteins are considered to play an important role in tubular myelin formation in natural LS (5, 6) .
The administration of exogenous surfactants to the lungs is a promising approach in neonatal RDS therapy (e.g. References 2, 7-1 1) and may also have applications in other lung disorders such as the adult respiratory distress syndrome (e.g. References 8, 12) . For in vivo effectiveness, replacement surfactants must have a solution structure which promotes adsorption to the airwater interface after pulmonary delivery. In general, exogenous lung surfactants contain a high percentage of phospholipids, and phospholipid adsorption can be a function of the technique used for dispersion in the aqueous bulk phase (8, 13, 14) . This behavior is related to the ability of phospholipids to form different microstructural states in water, including smectic mesophases and liposomal' aggregates. However, rigorous physicochemical descriptions of the relations between dispersion microstructure and phospholipid molecule adsorption (or phospholipid-protein adsorption) are not now available.
The present study represents an empirical approach to investigate relations between dispersion microstructure and adsorption facility for an organic solvent extract of natural LS. This material, extracted CLL containing approximately 1 % residual protein, reversed surfactant-deficient pressure-volume mechanics in excised lungs ( 19 (8, 13, 14) . Lungs, with trachea and bronchi intact, were lavaged with 3 liters per lung of cool (20" C) 0.15 M NaCl, given in three divided doses. The lavage fluid was centrifuged at 300 X g for 10 min to remove cellular debris. The supernatant was drawn off and centrifuged at 12,000 x g for 30 min at 4" C to pellet the surfactant material. This material, not subjected to further treatment in terms of extraction or in terms of mechanical suspension (sonication or vortexing), is referred to here as whole LS. It is comparable in adsorption behavior to the surface active fractions of animal lung lavage obtained by more elaborate centrifugation procedures (5, 6) .
The LS obtained by lavage was divided into two fractions. One fraction was resuspended in 0.15 M NaCl and was used in all natural LS adsorption and microstructure experiments. The second LS fraction was treated with chloroform-methanol by the technique of Bligh and Dyer (23) to extract the lipids. These extracted lung lipids, designated CLL, are representative of the lipid extracts used successfully in previous exogenous surfactant replacement studies in excised rat lungs (1 9), in premature rabbit fetuses (22) , in premature lambs in vivo (20, 2 I) , and in infants with RDS (9-1 1).
The CLL extract from lavaged LS contained 91 weight % phospholipid, analyzed with the microphosphorus techinique of Ames (24) . Thin-layer chromatography analysis with the solvent system of Touchstone et al. (25) showed the phospholipid to contain 83% phosphatidylcholine, 3.2% phosphatidylglycerol, 2.7% phosphatidylethanolanolamine, 5.8% phosphatidylinositol (+phosphatidylserine), 2.7% sphingomyelin, and 2.6% other. The phosphatidylcholine fraction of CLL was analyzed by gas chromagraphy to have a fatty acid distribution of C14:0, 6.2%; C16:0, 68.5%, C16:1, 10.2%; C18:0, 3.2%; C18:1, 7.5%; other, 4.6%. The CLL contained 5 weight % cholesterol and cholesterol esters, and had a protein content of 1 weight % by a modification of the method of Lowry et al. (26) which allowed determination of protein in the presence of lipid. By comparison, the protein content of natural LS was about an order of magnitude higher at 10% by weight.
Adsorption n-t2 measurements. Adsorption n-t isotherms were measured as described in detail by Notter et al. (13, 14) . Briefly, experiments were done in a Teflon dish with a 70 ml subphase. For CLL experiments the subphase was 0.15 M NaCl, as used most typically in exogenous surfactant replacement studies (9, 10, 20, 21) . For natural LS, the subphase was sodium and potassium phosphate buffered saline, pH 7.4, which was supplemented with divalent metal ions or EDTA as noted. In all adsorption experiments, the subphase was stirred continuously by a Teflon-coated magnetic stimng bar to minimize diffusion resistance. At time zero, a volume of 10 ml of 0.15 M NaCl or phosphate buffered saline containing a specified amount of CLL or LS (based on lipid phosphorus) was added as a bolus to the 70 ml subphase. Surface pressure was then monitored continuously by measurement of the force on a sandblasted platinum slide dipped into the surface (temperature 35 + 2" C).
Dispersions of CLL extract for adsorption and electron microscopic analyses were formed by the two techniques most widely used in surfactant replacement studies with extracted lipid preparations (8-1 1, 19-22), i.e. probe sonication and vortexing. Sonication was continuous in an ice bath for 1 min (25 W, microtip, Heat Systems-Ultrasonic, Inc., Plainview, NY), repeated up to three times as necessary to disperse visible particles, designated (S,). Mechanical vortexing (Four Tube Vortex Mixer, Scientific Industries, Inc., Bohemia, NY) was for 1 h at ambient conditions (22" C) without temperature control of the dispersion, Surface pressure K is defined as the amount by which the surfactant lowers the surface tension of the pure subphase at the experimental temperature. tion and microstructure, no artificial dispersion methods w&e used. For the case of optimal LS adsorption where a tubular myelin microstructure was expected, 1.4 mM CaC12 plus 1.0 mM MgCll (denoted M++) was added to the 10 ml surfactant suspension and to the 70 ml phosphate buffered saline adsorption subphase. The contrasting case of less rapid LS adsorption was with 5 mM EDTA in the suspension medium and adsorption subphase, with no divalent metal ions added.
The general procedure for all adsorption and microstructure experiments was that surfactants were dispersed (CLL) or resuspended (natural LS) in 6 ml of appropriate solution, at a concentration of 10 mg/ml. Aliquots were then taken and diluted for use in replicate adsorption experiments. Duplicate 1.5-ml samples were also taken and analyzed by electron microscopy as described below. This procedure meant that adsorption experiments were done on material from the same dispersion which was being examined microscopically for ultrastructure.
Electron microscopy methods. To each of the 1.5 ml volumes of dispersed phospholipids was added an equal volume of 2% tannic acid in 0.1 M sodium cacodylate buffer, pH 7.2. After 30 min fixation, the mixtures were washed several times in buffer and pelleted at 4000 rpm for 20 min after each wash to remove the excess tannic acid, the supernatant being discarded (27) (27) . Embedment was in Spurr (Polysciences, Wamngton, PA) low viscosity resin. Thick (0.5-1.0 pm) sections of epoxy-embedded phospholipids were stained with methylene blue-azure I1 for light microscopy and orientation. Pelleted material from each sample appeared homogeneous when viewed by light microscopy, and representative areas were selected for ultramicrometry. Thin (40-80 nm) sections were stained with uranyl acetate and lead citrate for observation and photography in a Zeiss 10A electron microscope. Figure 1A for a bulk concentration of 0.25 mg CLL/ml. Both types of CLL dispersion adsorb extremely rapidly to high surface pressure at this low concentration. Further increases in concentration have little effect on CLL(V or S,) adsorption because these dispersions are already adsorbing in a few seconds to the maximum value possible, i.e. to the highest equilibrium spreading pressure of the mixed film components, which for phospholipids is 45-50 dynes/cm (e.g. Reference 8) . Figure 1B shows (n-t) isotherms for natural LS which demonstrate rapid adsorption in the presence ofCa++ ions, and poorer adsorption at equivalent concentration if the chelating agent EDTA is present and divalent metal ions are not added. As for CLL extract adsorption, isotherm 1 in Figure I B is characteristic of maximal adsorption for natural LS, and does not change as concentration is increased above 0.25 mg LS/ml (based on LS phospholipid). However, the inhibition of LS adsorption by EDTA is concentration dependent in Figure 1B . Although adsorption is retarded in the presence of 5 mM EDTA at low concentration (0.25 mg LS/ml), this effect is eliminated at higher concentrations of LS phospholipid (0.63 mg/ml).
RESULTS

A representative a-t adsorption isotherm for CLL(S,) and CLL(V) dispersions is shown in
Microstructural details of the dispersions characterized for adsorption in Figure 1 are shown in the electron micrographs of Figures 2 and 3 . Figure 2A gives the ultrastructure of natural LS suspensions for the rapidly adsorbing case shown in Figure 1B (curve 1, in the presence of 1.4 mM Ca++ + 1.0 mM Mgf+). Figure 2A is at a magnification of 17,500 and shows a number of areas of tubular myelin in the LS suspension. In contrast to these results, Figure 2B shows the ultrastructure of LS for the case of less rapid adsorption in the presence of 5 mM EDTA. The major microstructural difference is that no tubular myelin TlME (min) TlME (rnin) is observed in LS suspensions to which EDTA has been added. Instead the microstructure is generally characterized by a heterogenous population of liposomes, a number of which are multi-. .
lamellar.
The microstructure of sonicated and vortexed dispersions of solvent-extracted LS lipids, i.e. CLL(Si) and CLL(V), are shown in Figure 3 . The most significant feature of the CLL ultrastructural results is that tubular myelin is not present for either Si or V dispersions despite their excellent adsorption fa~ility.~ For the CLL(Si) dispersion in Figure 3A , there are clear subpopulations of unfolding liposomes, and open appearing networks, as well as large cistern-like structures. It is likely that the open-appearing networks in the electron micrograph thin sections in Figure 3A represent both intact and fragmented regions from the walls of large, thin-walled liposomes. However, this interpretation is not definitive without detailed analysis of serial sections, which was not done in our present study. The term open-appearing is used here phenomenologically to refer to ribbon-like structures which are not closed liposomes in the plane of the section. The microstructure of the CLL(V) dispersion in Figure 3B is somewhat less heterogeneous than for the sonicated dispersion in Figure 3A , and contains a significant population of thin-walled, relatively large liposomes.
DISCUSSION
These experiments investigated relations between the microstructure and adsorption facility of dispersions of lung surfactant phospholipid extracts and of natural LS itself. The results in Figures 1 and 3 show that mixed lung lipids (CLL) with 1 % protein, extracted in organic solvents from lavaged natural LS, adsorb well after aqueous dispersion without a tubular myelin microstructure. Both sonicated and vortexed CLL dispersions were studied. Although the ultrastructure of CLL(Si) dispersions was heterogenous, it included thin-walled liposomes plus regions of open-appearing, ribbon-like networks, consistent with sections of large thin-walled liposomes and unfolded liposome fragments. CLL(V) dispersion microstructure also showed a general characteristic of large thin-walled liposomes. The microstructural features found for rapidly adsorbing CLL dispersions are consistent with results reported by Obladen et al. (28) . who studied ' The CLL micrographs in Figure 3 are at a magnification of 17,500, but higher the microstructure of a binah mixture of 'inthetic phospho- ' found microstructural features very ciose in appearance to those in Figure 3 to be associated with rapid adsorption (Nottor RH, Penney DP, Finkelstein JN, Shapiro DL, unpublished data). Previous adsorption studies have suggested that the 1 % protein in CLL is of probable importance for maximizing adsorption facility relative to synthetic phospholipids alone (14) . The microstructural results in Figure 3 show that the protein in CLL does not induce tubular'myelin formation in order to accomplish this enhanced adsorption at low phospholipid concentration, as is the case for natural LS in Figure 2 . With regard to general correlations between adsorption facility and dispersion microstructure, our results suggest that the presence of phospholipids in an open microstructure is a prerequisite for optimal adsorption to the air-water interface. For the case of natural LS, this involves changes from a highly ordered structure within the lamellar body to the unfolded network of tubular myelin in the alveolar hypophase prior to entry at the air-water interface. Other LS microstructures also allow rapid adsorption to the maximum spreading pressure, but larger subphase concentrations are required compared to the case when tubular myelin is present (Figs. 1B and  2B ). The surfactant apoprotein (with Ca++) apparently plays a major role in the molecular interactions leading to the preferred tubular myelin form for natural LS (5,6). However, for surfactant extracts such as CLL, microstructures different from tubular myelin, but still conducive to rapid adsorption at equivalent low concentrations,4 can be achieved by mechanical dispersion methods.
A consistent interpretation is that rapidly adsorbing phospholipid dispersions must achieve a microstructure where structural defects exist, allowing for fracture and unfolding of liposomes. It is known that defects in phospholipid liposomes can be annealed by heating above the gel to liquid-crystal transition temperature of the mixture (29, 30) , and that dissolution of phosphatidylcholine vesicles by plasma is dependent on temperature (31). In general, an annealing process should allow the formation of more coherent and stable liposomes, leading to comparatively poor adsorption. Previous studies by Notter et al. (14) have shown that CLL can give rapid adsorption when dispersed at higher temperature or energy input than possible with synthetic phospholipid mixtures such as DPPC:PG. This implies that CLL protein either prevents the annealing of defects, or itself creates "fracture sites" in the phospholipid dispersion microstructure. This latter possibility would be consistent with current views of how surfactant apoprotein in natural LS acts to form junctions in the tubular myelin lattice conformation of secreted surfactant in the aqueous phase (3).
The microstructural features shown for CLL(Si) and CLL(V) dispersions in Figure 3 do not provide a direct explanation for the different dose dependence these preparations exhibit in restoring pressure-volume mechanics and lung function in surfactant-deficient rat and lamb lungs (21) . In these animal models, Notter et al. (21) found that instilled CLL(V) dispersions enhanced pulmonary mechanics and function more effectively than CLL(Si) dispersions, although the effects of the two became equivalent at high dose (e.g. 100 mg/kg animal weight in lamb studies). The micrograph of the CLL(Si) dispersion in Figure 3A does show significant heterogeneity in microstructure at the low levels of sonication energy used (25 W, see "Materials and Methods"). It is possible that sonication at low levels provides a microstructural sub-population capable of extremely rapid adsorption (very large, thin-walled vesicles), but also leaves large regions of multilamellar aggregates which adsorb quite poorly. However, more sophisticated ultrastructural studies involving measurements of aggregate size distribution and fluidity, and
In terms of absolute phospholipid concentration, the (T-t) isotherms in Figure  1 demonstrate maximal adsorption for CLL(Si and V) dispersions, and natural LS suspensions, at a uniform concentration of 0.25 mg phospholipid/ml. Notter et al. (14) have shown that this behavior extends to even lower bulk phase concentrations in the range 0.06-0.1 mg/ml for CLL(Si) dispersions, and for natural LS with Ca++ ions present. perhaps consideration of specific lipid phases (e.g. the Hex I1 phase), are needed for quantitative correlations between microstructure and adsorption for CLL(Si) and CLL(V) dispersions.
